Gene-diet interaction: from species traits to individual susceptibility
When looking at man, it is striking to observe a huge diversity in dietary habits as well as genetic traits. There is a vast record of the various diets used by populations worldwide. The hunter-gatherer way of life sustained humanity for all but the last 10 000 years of a period of about 2·4 × 10 6 years. In this earlier period, given the predominance of either an animal or plant food supply, nutrient intakes varied markedly (% energy (% E); protein 19-35, carbohydrate 22-40, fat 28-58; Cordain et al. 2000) .
Other data from the paleolithic-stone age (35 000-10 000 BC) indicate that fat intake was low (21-22 % E) and intakes of carbohydrate (41-45 % E) and protein (34-37 % E) were high. For modern-age agriculture (10 000 BC to third millennium) worldwide values were 10-17 % E for protein, 40-60 % E for carbohydrate and 20-50 % E for fat. During the last century, in most industrialized countries more fat (40-50 % E), especially saturated fat, and less carbohydrate (40-45 % E), especially starches, were consumed. At the population level, there has been a very important and rapid change in these countries.
Since the time when the Homo genus appeared on earth (about 2·4 × 10 6 years), only minor changes have occurred in the human genome. Indeed, a difference of only about 1·6 % was found between modern man and most developed primates. Despite this overall stability of the human genome, numerous minor alterations in gene structures have been found. For instance, ethnic differences for various traits have long been observed. Such differences have been reported recently for the risk for cardiovascular disease or type 2 diabetes in African or white American children (Lindquist et al. 2000) . At the subject level, numerous single gene polymorphisms have been described and studied in the last decade. For example, in the field of lipid and lipoprotein metabolism, more than 250 single nucleotide polymorphisms (SNP) have been identified in about fifteen genes encoding for key proteins involved (Ye & Kwiterowitch, 2000; Ordovas, 2001) .
From the enormous amount of data published in the literature during the last few decades, the following statements can be made regarding key metabolic effects of major nutrients: plant or animal proteins can have distinct effects on cholesterolaemia; amount or nature of carbohydrate elicit different responses (glycaemic and/or insulinic indexes, hypertriacylglycerolaemia; dietary fibres, especially soluble fibres, can lower glycaemic and/or insulinic indexes or cholesterolaemia and LDL-cholesterol; saturated fat can increase cholesterolaemia and LDLcholesterol; dietary cholesterol can increase cholesterolaemia and LDL-cholesterol:HDL-cholesterol; some minerals or vitamins can have protective effects on cardiovascular risk factors; antioxidant-rich plant-derived foods display protection against detrimental effects of oxidation.
Nevertheless, most studies have clearly highlighted the very large inter-individual variability in metabolic responses. Generally, in intervention studies $ 50 % of the subjects show changes in the main direction, a minority of the subjects do not exhibit any marked change and a few subjects show changes in the opposite direction. This observation clearly indicates that each subject can display both general traits and some particular susceptibility to a given environmental (dietary) factor. This variation is the basis of the concept of gene-diet interaction.
The new tools recently developed allow easy determination of most gene polymorphisms from a blood sample, especially SNP. This advance opens a new era where studies dedicated to interactions between diets, metabolic variables, disease risk factors and gene polymorphisms can be carried out on small or large groups of healthy subjects or patients.
In the present paper, we will first review available literature data relating to some selected key proteins involved in lipid and lipoprotein metabolism. Second we will give some preliminary data obtained during an ongoing intervention study performed in Marseille.
Single nucleotide polymorphisms and lipoprotein metabolism
The main pathways involved in lipid and lipoprotein metabolism in man are summarised in Fig. 1 . Briefly, two main streams are involved in the intravascular transport of lipids in the form of lipid-apoprotein (apo) complexes termed lipoproteins (Ye & Kwiterowitch, 2000) . The endogenous pathway control variables measured at fasting are as follows: the liver produces and secretes VLDL bearing apoB-100, apoE, apoC-II and apoC-III; triacylglycerols then phospholipids are hydrolysed by endovascular lipoprotein lipase (LPL) and hepatic lipase to large remnants (intermediate-density lipoproteins) and then small remnants (LDL) enriched with cholesterol that accumulate in the circulation.
After digestion and absorption in the gut of dietary fat provided by meals, large triacylglycerol-rich chylomicrons that contain apoB-48, apoA-I, apoA-IV, apoE, apoC-II and apoC-III are secreted by the small intestine into the bloodstream. The result is transient accumulation of chylomicrons postprandially; hydrolysis of triacylglycerols then phospholipids by LPL and hepatic lipase generate smaller chylomicron remnants. The two kinds of endogenous and exogenous remnants are cleared from the circulation by means of receptor-driven mechanisms, i.e. liver apoB,E receptor and remnant receptor or peripheral tissue apoB,E receptor and scavenger receptor (SR).
HDL bearing apoA-I and apoA-II can exchange lipids with VLDL and chylomicrons through the transfer activity of cholesteryl ester transfer protein or phospholipid transfer protein and ensure the reverse cholesterol transport to the liver through scavenger receptor BI. The intestinal absorption of cholesterol is probably controlled by membrane transporters such as scavenger receptor BI or ATP-binding cassette protein. The production of VLDL or chylomicrons intracellularly is controlled by the action of specific proteins such as fatty acid-binding proteins (FABP) and the microsomal transfer protein (MTP).
Two major genetic defects are known to dramatically affect lipoprotein metabolism. The most well-known defect is that in the apoB,E receptor, which induces familial hypercholesterolaemia and elevated LDL levels (Brown & Goldstein, 1974) . Second after this defect is that in MTP, which almost completely abolishes triacylglycerol-rich lipoprotein (TRL) production by the liver and small intestine resulting in abetalipoproteinaemia (Gregg & Wetterau, 1994) . Such marked genetic defects are not within the scope of the present review, where some examples of common gene polymorphisms leading to more specific variations will be presented. The reader can refer to reviews published recently on this topic (Ye & Kwiterowitch, 2000; Ordovas, 2001) .
Apoprotein E and lipoprotein metabolism
ApoE is a key apo involved in TRL (intermediate-density lipoprotein and chylomicron remnants) uptake by the liver and peripheral tissues through interaction with apoB,E and remnant receptors.
Three common polymorphisms exist through a C→T transition leading to variations in the amino acids (Cys→Arg) at 112 and 158 positions (Sing & Davignon, 1985) . This transition results in three major alleles (ε2, ∈ε, ε4) with relative frequencies of 0·1, 0·8 and 0·15 respectively, with three homozygous genotypes (ε2/ε2, ε3/ε3 and ε4/ε4) and with three heterozygous genotypes (ε2/ε3, ε2/ε4 and ε3/ε4). The apoE-ε2 gene product binds poorly to the remnant receptor, leading to accumulation of TRL in the circulation. Conversely, the apoE-4 gene product has high affinity and increases TRL uptake by the liver, thus inducing a down-regulation of the apoB,E receptor level, reduced LDL uptake and increased LDL accumulation (Sing & Davignon, 1985) . It is noteworthy that such apoE polymorphisms account for about 8-10 % of the total plasma cholesterol variation (Schaefer et al. 1994 ) and that only a few subjects with apoE-ε2/ε2 display frank type III hyperlipidaemia.
Several studies have investigated the relationship between apoE polymorphisms and responses to diets. Healthy men ingesting a low-fat diet v. their usual high-fat high-cholesterol diet showed extents of reduction in LDL- Ye & Kwiterowitch, 2000.) cholesterol in the following order: ε4/ε4 = ε4/ε3 > ε3/ ε3 > ε3/ε2 (Dreon et al. 1995) . In a cohort of men and women with CHD it was demonstrated only in patients with the apoE-ε2 allele that a high sucrose intake is associated with high plasma triacylglycerol concentration and that saturated fat or fibre intake predicts serum cholesterol levels (Erkkilä et al. 2001) . The response to a fat test meal was investigated in normolipidaemic patients with type 2 diabetes by Reznik et al. (1996) ; accumulation of TRL remnants (retinyl palmitate) postprandially was exacerbated in patients with the ε2/ε3 or ε3/ε4 genotype. Finally, the response to drinking alcohol was evaluated in a cohort of healthy men and women (Corella et al. 2001) ; men and women with the apoE-ε2 allele had lower LDLcholesterol levels, while men with the apoE-ε4 allele had highest LDL-cholesterol levels. We investigated the influence of the combination of apoE-ε2 and a rare apoE-ε3 « Christchurch » mutant 136Arg→Ser in a few related patients (Vialettes et al. 2000) ; this genotype was associated with type V hyperlipoproteinaemia and exacerbated postprandial lipaemia and TRL-remnant accumulation.
Taken together, information available on apoE polymorphisms clearly indicates that apoE-ε2 and -ε4 variants are associated with disturbed lipid metabolism.
Apoprotein B and lipoprotein metabolism
ApoB is the main apo associated with VLDL and LDL (apoB-100) and chylomicrons (apoB-48). It is essential for lipoprotein assembly, and apoB-100 serves as the principal ligand ensuring interaction between LDL and apoB,E receptor.
Several common mutations have been found in the human apoB gene, e.g. insertion or deletion at the signal peptide region (three genotypes), exon 26 (3611Arg→Gln or without sequence change), exon 29 (4154Glu→Lys) and exon 4 (Thr→Ileu), with allele frequencies ranging from 0·11 to 0·46. The functional consequences of such mutations are either an apoB secretion defect or truncated forms with a binding defect to the receptor, inducing opposite clinical traits such as hypobetalipoproteinaemia (secretion defect) or hypercholesterolaemia and LDL-cholesterol (binding and clearance defect).
Several studies have investigated the influence of some apoB polymorphisms on responses to changes from high-fat to low-fat diets (or vice versa), and these studies have been the subject of a meta-analysis published recently (Rantala et al. 2000) . The two polymorphisms mostly associated with diet-induced changes in LDL-cholesterol are X-/X-at exon 26 (XbaI site) and R-/R-at exon 29 (EcoRI site). Other polymorphisms showed weaker interaction. Lopez-Miranda et al. (1997) reported that subjects with the X-/X-genotype at the apoB locus have a greater postprandial response (retinyl palmitate and apoB-48 levels) to a fat meal than the subjects with the other allele.
Apoprotein A-IV and lipoprotein metabolism
ApoA-IV is an apo secreted by the small intestine and specifically associated with chylomicrons and chylomicron remnants. Among possible roles are interactions between chylomicrons and HDL particles.
A common SNP has been identified on the apoA-IV gene as a G→T substitution resulting in a 360His→Glu substitution. The absence or presence of the restriction site (Fnu4HI) gives apoA-IV-1 or apoA-IV-2 variants with three genotypes (1/1, 1/2 and 2/2). The frequency of apoA-IV-2 form in the USA and France is 7-9 % (Weinberg, 1999) . The apoA-IV-2 form has increased affinity for lipid particles and displays more competition towards apoE and apoC-II binding (Hockey et al. 2001) . Higher fasting triacylglycerols and lower HDL-cholesterol have been reported in homozygous women.
Several recent studies have reported an interaction between apoA-IV genotypes and metabolic responses. The postprandial response to a fat meal has been shown to be higher in apoA-IV-1/2 carriers compared with apoA-IV-1/1 carriers for plasma, chylomicron and VLDL-triacylglycerols (Hockey et al. 2001 ). This finding is in line with other data showing that apoA-IV-1/2 carriers have lower intestinal cholesterol absorption rates than apoA-IV-1/1 carriers (Weinberg et al. 2000) .
The effects of this polymorphism on LDL-cholesterol change in response to high-fat v. low-fat diets have been recently investigated (Weggemans et al. 2000 ). It appears that carriers of the apoA-IV-2 allele have a lower increase or lower decrease in LDL-cholesterol level in response to a high-fat high-cholesterol diet or a low-fat low-cholesterol diet respectively. However, some studies have been unable to show different responses.
Intestinal fatty acid-binding protein and lipoprotein metabolism
Intestinal FABP (FABP-2) is a cytosolic intracellular protein capable of binding non-esterified fatty acids and other lipid moieties and delivering them to the membrane. A common SNP in the intestinal FABP gene has been found at exon 2, codon 54, with a G→A substitution resulting in a 54Ala→Thr substitution (Baïer et al. 1995) . The frequency of the 54Thr variant has been evaluated as 0·29 in Pima Indians and 0·27 in European students. This mutation gives three genotypes. The functional changes resulting from the mutation are higher fatty acid binding and transport and triacylglycerol secretion from intestinal cells with the 54Thr variant. The clinical traits associated with the 54Thr mutation are higher insulinaemia and insulin resistance, higher fasting LDL-cholesterol and apoB levels, and higher BMI and fasting triacylglycerols (Baïer et al. 1995; Agren et al. 1998; Hegele, 1998) . The LDL-cholesterol and apoBlowering effects of high-soluble-fibre diets were more pronounced in subjects with the 54Thr intestinal FABP variant (Hegele et al. 1997) . Several studies have dealt with postprandial responses. The 54Thr homozygotes showed increased postprandial insulin (Baïer et al. 1995) or triacylglycerol responses (Agren et al. 1998 ), but no marked difference was observed for glucose, non-esterified fatty acids or triacylglycerols in another study (Pratley et al. 2000) .
Lipoprotein lipase and lipoprotein metabolism
LPL is the key enzyme responsible for TRL-triacylglycerol lipolysis within blood vessels; from VLDL or chylomicrons it generates TRL remnants that can be taken up by the liver or peripheral tissues and thus cleared from the circulation.
Among more than fifty known polymorphisms, several common ones have been found in the LPL gene, e.g. in exon 6 (291Asn→Ser) with a 4-6 % frequency in Western populations, or in intron 8 (HindIII). LPL activity can be reduced (291Asn→Ser), and these polymorphisms are associated with higher fasting triacylglycerols and lower HDL-cholesterol levels (Gerdes et al. 1997; Senti et al. 2000) . In heterozygous carriers of the 291Asn→Ser mutation, postprandial levels of large VLDL apoB-48, triacylglycerols and retinyl palmitate were higher than those in non-carriers (Mero et al. 1999) . Regarding the effects of chronic diets, Humphries et al. (1996) reported that the carriers of the HindIII polymorphism, in response to a polyunsaturated fatty acid diet, showed an increased extent of plasma cholesterol and triacylglycerol reduction.
Miscellaneous
The reader should refer to recent literature reviews on the effects of other gene polymorphisms studied such as those encoding for apoA-I, apoC-III, cholesteryl ester transfer protein, hepatic lipase or scavenger receptor BI (Ye & Kwiterowitch, 2000; Ordovas, 2001) .
To summarize, most studied polymorphisms of genes encoding for key proteins involved in lipid and lipoprotein metabolism have been associated with some documented effects on fasting and/or postprandial metabolic markers in man. This finding consistently supports the concept that interaction between genetic succeptibility and inappropriate diet is a key determinant of cardiovascular disease risk.
Marseille RIVAGE study
This ongoing study is being conducted in Marseille through the combined efforts of the Center for Diagnosis and Prevention of Cardiovascular Disease at Timone University Hospital, the Inserm Research Unit for Human Nutrition and Lipids, several hospital analytical departments and epidemiologists at Inserm (Montpellier) and Regional Health Observatory.
Aim
The aim of the RIVAGE project is to instigate a primary prevention action concerning cardiovascular risk factors, in the form of a dietary intervention follow-up:
to evaluate the effects of a Mediterranean-type (MED) diet; to compare this diet with the usually-prescribed low-fat low-cholesterol (LFLC) diet as recommended by the American Heart Association or the European Arteriosclerosis Society; to determine influences of gene polymorphisms encoding for key proteins involved in lipoprotein metabolism or thrombosis.
Patients
About 250-300 patients attending the Center for Diagnosis and Prevention of Cardiovascular Disease, who volunteer for the project and have one or more cardiovascular disease risk factors are to be included. Inclusion criteria are fasting cholesterolaemia (2·5-3·0 g/l), triacylglycerolaemia (1·8-4·0 g/l) or glycaemia (1·1-1·25 g/l), BMI $ 27 kg/m 2 , hypertension (systolic blood pressure 140-180 mmHg; diastolic blood pressure 90-105 mmHg), sedentary lifestyle, smoking, family history of a cardiovascular event, not currently taking medication (diabetes, dyslipoproteinaemia, hypertension) .
Diets
The diets to be prescribed for 12 months to the two study groups are either the LFLC diet or an MED diet. The composition of the LFLC is (% E): protein 10-15, carbohydrate 55-60, fat 30 (saturated-monounsaturatedpolyunsaturated fat (1:1:1, by wt)), cholesterol # 300 mg/d, total fibre 20 g/d, vitamins and minerals (French recommanded dietary allowances). The composition of the prescribed MED diet is (% E): protein 10-15, carbohydrate 50-55, fat # 37 (saturated-monounsaturated-polyunsaturated fat (1:2:1, by wt), with emphasis on n-3 fatty acids (fish)), cholesterol # 300 mg/d, total fibre (with emphasis on soluble fibres (whole grains, legumes)) 25-30 g/d, vitamin C (fruit and vegetables) 100 mg/d, vitamin E 5-10 mg/d, other vitamins and minerals (French recommended dietary allowances), carotenoids (fruit and vegetables) 7 mg/d and as much polyphenols as possible (Martin, 2001) .
The compliance to the recommended diets is being achieved through booklets and the menus provided, interviews during visits and phone calls. Compliance is being checked by 3 d dietary records, assays of blood fatty acids and carotenoids.
Biochemical variables
The fasting variables measured at entry or after dietary intervention for 3 and 12 months are: glycaemia, insulinaemia; triacylglycerols, TRL-triacylglycerols; cholesterol, LDL-, HDL-and TRL-cholesterol; apoB, apoA-I, apoC-III and TRL-apoC-III; homocysteine, polyphenols, fat-soluble vitamins and carotenoids; thrombosis factors (fibrinogen, tissue plasminogen activator, plasminogen activator inhibitor 1, factor VII).
Some variables are also measured 2·5 and 5 h postprandially after intake of a standardized test-meal at 08.00 hours (breakfast with 40 g fat): triacylglycerols, TRLtriacylglycerols; apoB-48; retinyl palmitate.
Gene polymorphisms
Selection of gene polymorphisms was done according to literature data and on the basis that mutant allele frequency is at least 10 %, with few exceptions.
The selected gene polymorphisms, determined using common restriction fragment length polymorphism methods (as published), are: apoE, 112/158Cys→Arg (Hixson & Vernier, 1990) ; apoB, -516C→T ( Van't Hooft et al. 1999) ; apoC-III, 3175C→G (Salas et al. 1998) ; apoA-IV, Ser347,A→T ; intestinal FABP, Ala54→Thr (Baïer et al. 1995) ; MTP, -493G→T (Karpe et al. 1998) ; cholesteryl ester transfer protein, TaqI B1:B2 (Fumeron et al. 1995) ; hepatic lipase, -480C→T (Jansen et al. 1999) ; LPL, 291Asn→Ser (Gerdes et al. 1997) .
Other SNP determinations are under development (apoA-V, sterol response element-binding protein 1a, 7α-hydroxylase, apoB,E receptor, β3-receptor, plasminogen activator inhibitor 1, factor VII, etc.)
Marseille RIVAGE study: available data
Currently, 117 patients have been fully investigated after 3-month dietary interventions, with sixty-four patients on the MED diet and fifty-three patients on the LFLC diet. Mean ages and sexes were not different between groups. Compliance was very good, with only a few patients showing bad compliance or dropping out (excluded).
Lipid and lipoprotein variables. Fasting cholesterolaemia decreased after the 3-month dietary intervention in both groups, but with a more marked amplitude in the MED group (-0·25 g/l v. -0·09 g/l for the LFLC group). Fasting LDL-cholesterol showed the same pattern with a more marked reduction in the MED group (-0·12 g/l) than in the LFLC group (-0·04 g/l). Fasting HDL-cholesterol showed a slight increase in the MED group (+ 0·01 g/l) and a slight decrease in the LFLC group (-0·08 g/l).
Fasting triacylglycerols were more reduced after the 3-month dietary intervention in the MED group (-0·14 g/l) than in the LFLC group (-0·09 g/l). Postprandial triacylglycerol 0-5 h area under the curve was reduced after the dietary intervention, but more markedly (4·3-fold) in the MED group than in the LFLC group. Postprandial apoB-48 0-5 h area under the curve (a specific marker for chylomicron and remnant accumulation) was reduced in both cases, but to a greater extent (2-fold) in the MED group than in the LFLC group.
Changes in lipoprotein variables and gene polymorphisms. We analysed the relative changes in lipoprotein variables after the 3-month dietary intervention (all subjects pooled or grouped according to diet) with regard to alleles of the gene locus of interest.
With all patients pooled, we did not observe any marked effect of apoE-ε2 or -ε4 alleles compared with major apoE-ε3 allele on the relative decrease in cholesterolaemia. Conversely, ε4 allele carriers showed a much more marked LDL-cholesterol reduction (about 3-fold) than ε2 or ε3 carriers, while ε2 allele carriers exhibited a much more marked reduction in fasting triacylglycerols (about 4-fold). A tentative conclusion could be that patients with an apoE-ε2 or -ε4 allele, i.e. 39 % of included patients, exhibit better lowering of triacylglycerols or LDL-cholesterol under the dietary intervention. This finding is in line with results of some published studies (Dreon et al. 1995; Reznic et al. 1996; Corella et al. 2001) .
With all patients pooled we observed that the relative reduction in LDL-cholesterol was about 4-fold higher in carriers of apoA-IV T allele than in the others. Interestingly, a more marked extent of LDL-cholesterol reduction was observed in patients with the T allele in the MED group than in the same carriers in the LFLC group. From these data it can be suggested that patients with the apoA-IV T allele, i.e. 37 % of the patients included, showed a better reduction in LDL-cholesterol under dietary intervention, especially with the MED diet.
With all patients pooled, we found that the lowering of LDL-cholesterol with the intervention diets was about 3-fold greater in patients homozygous for the MTP T allele. Moreover, the reduction in triacylglycerolaemia was more marked in these patients. Thus, patients with the MTP T/T alleles, i.e. 11 % of the patients included, exhibited better lowering of LDL-cholesterol and triacylglycerolaemia with dietary intervention.
With all patients pooled, we observed that the relative reduction in triacylglycerolaemia was about 5-fold greater in heterozygous and homozygous carriers of the intestinal FABP A substitution than in intestinal FABP G carriers. Less-marked differences were observed for postprandial triacylglycerol responses. This finding suggests that in patients with the intestinal FABP 54Thr allele, i.e. 52 % of the patients included, a much better lowering of triacylglycerolaemia is achieved with dietary intervention.
RIVAGE study: preliminary conclusion. The data available currently indicate that the two dietary interventions do improve some lipid and lipoprotein variables, with overall more marked effects with the MED diet than with the usual LFLC diet. Moreover, we found that several common polymorphisms of genes encoding for key proteins involved in lipid and lipoprotein metabolism are associated to different extents of change in variables such as fasting cholesterolaemia and LDL-cholesterol, fasting triacylglycerolaemia and postprandial lipaemia.
The study is proceding in order to achieve inclusion of at least 250 patients, to examine relationships between about fifteen different SNP and responses to diets, to evaluate possible specific relationships between SNP and a particular diet, and to determine the effects of SNP combinations.
Conclusion
In conclusion, gene-diet interaction is a key emerging field for research which is expected to provide better knowledge of the relative importance of genetic traits and dietary habits in relation to disease risks for most people.
Given the broad scope and complexity of this subject, efforts are needed to identify the most relevant gene polymorphisms influencing metabolic variables and risk factors. The expected consequences of such new knowledge are the ability to improve dietary recommendations by taking into account known variability within a given population, by targeting specific recommendations to particular groups at risk, and even to provide dietary advice (or drug therapy) to individual subjects on the basis of identified genetic susceptibility.
